Short summary: The plastidial ω-3 desaturase FAD8 showed activity at growth temperature, with higher selectivity for 18:2 acyl-lipid substrates and a higher preference for PG. These results suggest that the activity of FAD8 and FAD7 plastidial desaturases is controlled in a non-redundant manner.
INTRODUCTION
Fatty acids are the major constituents of membrane lipids. In plants, trienoic (TA) and dienoic (DA) fatty acids represent up to 70% of total fatty acids from leaf polar lipids.
Most of these fatty acids are esterified to galactolipids, which are the main lipid species found in leaf chloroplasts (Browse et al., 1986; Browse and Somerville, 1991) .
Desaturase activity responsible for polyunsaturated fatty acid biosynthesis was initially detected in microsomal and plastidial preparations of various plant tissues (Schmidt and Heinz, 1990; Ohlrogge and Browse, 1995) . However, the hydrophobic nature of these desaturases complicated their analysis by biochemical methods. The molecular characterization of a collection of mutants from Arabidopsis, defective in membrane lipid unsaturation, allowed the identification of genes encoding fatty acid desaturases and provided specific knowledge about their number, substrate specificity and predicted location (reviewed in Wallis and Browse, 2002) . Thus, TAs are synthesized from DAs by the activity of ω-3 fatty acid desaturases, which are a family of integral membrane enzymes located in two different cell compartments; FAD3 is localized in the endoplasmic reticulum (ER), (Dyer and Mullen, 2001 ) while FAD7 and FAD8 are plastid specific (Browse et al., 1986; Wallis and Browse, 2002; Andreu et al., 2007) .
These ω-3 fatty acid desaturases are encoded by nuclear genes. In Arabidopsis, a single gene encodes for each of these enzymes (Yadav et al., 1993; Gibson et al., 1994) . In other plant species, like soybean (Glycine max) or flax (Linum usitatissimum), several isoforms of FAD3 have been detected (Bilyeu et al., 2003; Vrinten et al., 2005) . More recently, two different genes encoding isoforms of and FAD8 (GmFAD8-1 and GmFAD8-2) enzymes have been reported in soybean (Andreu et al., 2010; Román et al., 2012) , being the only case in which isoforms have been identified for both plastidial ω-3 desaturases. Interestingly, the expression profiles of these genes showed differences in response to plant development, temperature or wounding, suggesting a high degree of specialization between isoforms in soybean (Andreu et al., 2010; Román et al., 2012; Lagunas et al., 2013) .
Since its discovery in Arabidopsis (Gibson et al., 1994) the FAD8 gene has been identified in many plant species (Berberich et al., 1998; Wang et al., 2006; Martz et al., 2006; Tang et al., 2007; Torres-Franklin et al., 2009; Román et al., 2012) and, in all cases, the homology with FAD7 was very high. Recently, it was reported that CrFAD7 is the only ω-3 fatty acid desaturase active in the chloroplast in the green alga Chlamydomonas reinhardtii, (Nguyen et al., 2013) . The question arises why plants retained during evolution two highly homologous ω-3 fatty acid desaturases in the same cell compartment and which is the precise role of FAD8. In Arabidopsis, a fad8 mutant showed no significant changes in its fatty acid profile at control (22 ºC) temperature (McConn et al., 1994) . Furthermore, the phenotypic analysis of a fad7 mutant from Arabidopsis showed that the reduction of TA levels caused by the fad7 mutation was less pronounced at low temperatures (15 ºC), (McConn et al., 1994) . These results lead to the conclusion that FAD8 was largely irrelevant to lipid metabolism at control temperatures (22 ºC) in Arabidopsis, and that its activity was circumscribed to low temperatures (McConn et al., 1994) . However, it is not clear at present to which extent FAD8 activity substitutes totally or partially that from FAD7 at low temperatures.
Although changes in FAD8 transcripts in response to low temperatures (ranging from 5 ºC to 15 ºC) have been reported in many plant species like maize (Berberich et al., 1998) , rice (Wang et al., 2006) , birch (Martz et al., 2006) or Descurainia sophia (Tang et al., 2007) only in a few cases the expression profiles of the FAD8 genes and the TA content were monitored simultaneously. When this was done, changes in FAD8 expression were accompanied by small changes in TA content (McConn et al., 1994; Martz et al., 2006) , indicating that this additional cold-induced FAD8 activity was not very high. Similarly, there is no direct evidence supporting that the role of FAD8 is exclusively restricted to low temperatures. In fact, the FAD8 transcript has been detected in most plants analyzed at control growth temperatures (i.e., 22 -25 ºC), (Gibson et al., 1994; Matsuda et al., 2005; Wang et al., 2006; Martz et al., 2006; Tang et al., 2007; Torres-Franklin et al., 2009; Román et al., 2012) . In the absence of biochemical data, that might determine the amount and activity of these ω-3 desaturases, we cannot preclude that this FAD8 mRNA is translated into an active enzyme at control growth temperatures. Therefore, we still far from understand how FAD7 and FAD8 desaturases are coordinated to maintain an appropriate unsaturation level of membrane lipids at different temperatures.
In this work, we characterized the different contribution of FAD8 and FAD7 to TA biosynthesis in Arabidopsis at control (22 ºC), low (8 ºC) and high (30 ºC) temperatures. To that end, several mutant lines including two Salk insertion lines mutated at the AtFAD7 and AtFAD8 genes (fad7i and fad8i) together with a double fad7 fad8 mutant and a triple fad3 fad7 fad8 mutant were functionally characterized. Our data suggest that the function of the FAD8 protein in Arabidopsis might not be redundant with respect to that of FAD7, not only regarding differences in the effects of temperature on gene expression, but also with respect to preference of acyl-group chain length and lipid head groups. In parallel, stable Arabidopsis transgenic lines overexpressing the FAD8 protein fused to YFP were characterized to investigate FAD8 function at the protein level. Confocal microscopy analysis of FAD8-YFP transgenic lines and biochemical fractionation of sub-chloroplast membranes confirmed the envelope localization of the FAD8 desaturase. Furthermore, co-localization analysis suggested that both plastidial ω-3 desaturases might be located in close vicinity in the envelope membrane. The fatty acid analysis of these FAD8 over-expressing plant lines showed specific ω-3 desaturase activity that confirmed the non-redundant role of FAD8 in the glycerolipid unsaturation pathway.
RESULTS

Molecular characterization of Arabidopsis fad7 and fad8 insertion lines
Search of single fad7 and fad8 EMS mutants at the NASC repository resulted in a single fad7 mutant (N8042) but no single fad8 locus accession. On the contrary, several T-DNA insertion lines mutated in the plastidial ω-3 desaturases were recovered from the NASC repository. Only two of them showed insertions exclusively in the AtFAD7 (At3g11370) or AtFAD8 (At5g05560) genes and were further characterized. These lines were SALK_147096C, designated as fad7i, and SALK_093590, designated as fad8i.
Genomic analysis of fad7i plants revealed two insertions of an inverted tandem T-DNA in the AtFAD7 gene; one located at 6 bp downstream of the exon 7 and the other one located within the intron 6, at 8 bp downstream of the end of exon 6 ( Figure 1A ). The genomic analysis of fad8i plants showed an insertion of an inverted tandem T-DNA 133 bp downstream of the start codon, within exon 1 of the AtFAD8 gene ( Figure 1A ). RT-PCR characterization of two-week old fad7i and fad8i plants indicated the absence of the AtFAD7 and AtFAD8 transcripts in the corresponding mutants ( Figure 1B ).
Homozygous fad7i and fad8i mutant lines were segregated and further analyzed. None of fad7i and fad8i plants showed any significant alterations in growth at control temperatures, developing normal rosette leaves. They germinated normally and grew in soil, producing seeds as the rest of the plant lines used in this study with the exception of the fad3 fad7 fad8 mutant, which was sterile and did not produce seeds except if treated with jasmonic acid (McConn and Browse, 1996) . The fad7 fad8 and fad3 fad7 fad8 mutants have been previously described (McConn et al., 1994; McConn and Browse, 1996) . They derived from single EMS mutants that were crossed to obtain both the double fad7 fad8 and triple fad3 fad7 fad8 mutants. We further characterized these mutants at the genetic level. The fad8 mutation from the fad7 fad8 double mutant had been previously characterized (Gibson et al., 1994) . Sequencing of the AtFAD8 gene in either genomic or cDNA from the double fad7 fad8 mutant confirmed these results, showing a point mutation of G (W residue) for A (STOP codon) substitution in residue 149 of the FAD8 protein. On the contrary, we were not able to find any sequencing data of the fad7 mutation. Sequencing of the AtFAD7 gene in either genomic or cDNA from the double fad7 fad8 mutant showed a point mutation that introduced a substitution of We analyzed the fatty acid composition of total leaf lipids from Col-0 and the different mutant lines grown at 22 ºC for four weeks ( Figure 2A ). TA average levels in Col-0 were 40.1% of linolenic acid (18:3) and 8.6% of hexadecatrienoic acid (16:3). A 16.7% of linoleic (18:2) and 1.8% of hexadecadienoic acid (16:2) were also detected ( Figure   2A ). These values were within the range previously observed for the Col-0 line (Gibson et al., 1994; McConn et al., 1994) . Disruption of the AtFAD7 gene in the fad7i mutant resulted in a reduction of TAs with an 18:3 content of 29.6% and an even more reduced content of 16:3 down to 2% (Figure 2A ). These average percentages indicated that fad7i maintained 74% of 18:3 production with respect to Col-0 while only 23% of 16:3 synthesis was maintained in this mutant. On the contrary, the disruption of the AtFAD8 gene in fad8i resulted in almost similar TA levels to those from Col-0 (Figure 2A ). The fad7 fad8 double mutant also showed a considerable reduction in TA, particularly in 16:3, which was undetectable ( Figure 2A ). Levels of 18:3 were also reduced to 12.3% in this mutant (Figure 2A ), indicating that in the absence of plastidial ω-3 desaturase activity, FAD3 accounted for approximately 30% of the synthesized 18:3 with respect to that from Col-0. It is worth mentioning that this reduction in TAs was even greater than that previously reported in Gibson et al., (1994) for their double fad7 fad8 mutant.
Finally, the fad3 fad7 fad8 triple mutant showed no accumulation of TAs, consistent with the disruption of all ω-3 fatty acid desaturase genes ( Figure 2A ). The absence of TAs was accompanied by a strong increase of DAs, which reached average percentages of 68.5% of 18:2 and 10% of 16:2. Given the strong reduction (70%) in 18:3 content observed in the fad7 fad8 double mutant, the data obtained in fad7i indicated that, after disruption of the AtFAD7 gene, FAD8 enzymatic activity was able to maintain, at least partially (43.7%), the amount of 18:3 and to a much lesser extent (23.2%) that of 16:3 at 22 ºC ( Figure 2A ).
To investigate in more detail the effect of the disruption of the AtFAD7 and AtFAD8 genes on the lipid profiles, polar lipid classes were separated by bi-dimensional thinlayer chromatography (2D-TLC) and their fatty acid composition determined by gas chromatography (GC). Lipid composition in the Col-0 plants was similar to that reported previously (McConn et al., 1994) . No relevant modifications in the amount of lipids were observed in the different mutant lines at 22 ºC (see supplementary table S1 ).
This result is consistent with previous observations in other fatty acid desaturase mutants (Miquel and Browse, 1992; Browse et al., 1993; McConn et al., 1994) . The fatty acid composition of each lipid class in Col-0 and mutant lines is shown in the supplementary Table S1 . Monogalactosyldiacylglycerol (MGDG) showed a high content of 18:3 and 16:3 in Col-0, with percentages of 59% and 28.2%, respectively ( Figure 2B ). The MGDG from the fad7i mutant showed a 48% and 82% reduction of 18:3 and 16:3, respectively, when compared to Col-0, whereas the disruption of the AtFAD8 gene resulted in minor changes in the fatty acid composition of MGDG ( Figure   2B ). As observed in total lipids, very low amounts of 18:3 (7% from total) were detected in MGDG from the fad7 fad8 double mutant while 16:3 was undetectable ( Figure 2B ). Similarly, neither 16:3 nor 18:3 were detected in the fad3 fad7 fad8 triple mutant ( Figure 2B ). Comparison of the TA content in MGDG of the fad7i, fad8i and fad7 fad8 mutants at 22 ºC indicated that in fad7i, FAD8 activity was capable to partially maintain the 18:3 content of MGDG, while its capacity to maintain 16:3 levels was very much reduced. A similar conclusion could be reached from the analysis of digalactosyldiacylglycerol (DGDG) or phosphatidylcholine (PC), having in mind that DGDG has highly reduced 16:3 levels even in Col-0 and PC has no 16:3 ( Figure 2B ).
On the contrary, different results were obtained when phosphatidylglycerol (PG) was analyzed. As shown in Figure 2B , 18:3 levels in Col-0 PG were around 27.3%, while in the fad7i mutant, it reached 17.8%, which meant a 33% reduction when compared to Col-0 ( Figure 2B ). Interestingly, disruption of the AtFAD8 gene resulted in even lower levels of 18:3 in PG of 13% from total fatty acids (i.e., a 56% reduction with respect to Col-0; Figure 2B ). An even stronger reduction of 77% (from 27 to 6%) was observed in PG from the fad7 fad8 double mutant ( Figure 2B ). This 18:3 PG found in the fad7 fad8 double mutant probably originated from extraplastidial biosynthesis of PG in the ER (Frentzen, 2004) . Finally, no 18:3 was detected in PG from the fad3 fad7 fad8 triple mutant. These results suggested that at 22 ºC, disruption of the AtFAD8 gene affected more the 18:3 content of the PG fraction than that of the AtFAD7 gene.
Effect of temperature on leaf lipids of the Arabidopsis ω-3 desaturase mutants
The effect of low (8 ºC) and high (30 ºC) temperatures on leaf lipid fatty acid composition in Col-0 and the different mutant lines was also investigated. No significant modifications in the leaf 18:3 content from total lipids isolated from Col-0 or the different mutant lines were detected upon exposure to 8 ºC for one week with respect to 22 ºC ( Figure 3A ). The analysis of MGDG, DGDG or PG further confirmed the absence of significant changes in the leaf TA content upon exposure to low temperatures, with the exception of PC, in which a decrease of 18:3 was detected in the fad8i mutant ( Figure 3B and Table S1 ).
The leaf fatty acid composition from total lipids of Col-0 was not greatly affected by their exposure to 30 ºC ( Figure 3A and Table S1 ). On the contrary, a reduction in TA levels was observed in total lipids from all mutant lines ( Figure 3A ). Fatty acids from total lipids of fad7i showed an important decrease of both 18:3 and 16:3 (down to 13% and 0.5%, respectively; Figure 3A) . These values meant an average reduction of 18:3 and 16:3 content of 69.7% and 94%, respectively, when compared with Col-0 ( Figure   3A ). This reduction of TA levels in fad7i at 30 ºC was more pronounced with respect to that detected for the same line at 22 ºC ( Figure 3A) . A reduction of TA in the fad8i mutant was also detected at 30 ºC. As shown in Figure 3A , 18:3 and 16:3 decreased to 28.8% and 4.5%, respectively. These results represented a 26% and 51% reduction for 18:3 and 16:3, respectively, when compared with Col-0 at the same temperature. These data indicated that fad7i was more affected than fad8i at 30 ºC. A similar conclusion could be drawn from the analysis of the fatty acid composition of individual lipid classes. The 18:3 content in MGDG showed no significant modification upon exposure of Col-0 plants to 30 ºC when compared with the same line at 22 ºC ( Figure 3B ). In contrast, the 16:3 content in MGDG was more affected, with a 6% decrease when compared with Col-0 at 22 ºC. The TA content of the MGDG from the fad7i mutant showed a strong decrease of 18:3 and 16:3 upon exposure to 30 ºC down to 10.5% and 0.6%, respectively ( Figure 3B ). These values meant an average reduction of 66% and 86.4% in the 18:3 and 16:3 content of MGDG, respectively, with respect to the same line grown at 22 ºC ( Figure 3B ). In fad8i, 18:3 and 16:3 decreased down to 40.8% and 13.7%, respectively ( Figure 3B ). These values represented an average reduction of 25.8% and 42.9% in the 18:3 and 16:3 content, respectively, with respect to the same line at 22 ºC ( Figure 3B ). These data suggested that FAD8 activity on MGDG substrates was more affected by the exposure to 30 ºC than the FAD7 one. This conclusion could be extended to other lipids like DGDG, PC or sulphoquinovosyldiacylglycerol (SQ) ( Figure 3B and Table S1 ). The fad7 fad8 double mutant also showed a decrease in 18:3 content of MGDG, indicating that FAD3 activity had any or little effect at high temperatures on the fatty acid composition of MGDG ( Figure 3B ). Finally, the amount of TA in PG decreased in all plants analyzed compared to 22 ºC including Col-0, where a decrease from 27.3% to 14.8% was detected ( Figure 3B ). In fad7i and fad8i, 18:3 strongly decreased (down to 3.9% and 5.4%, respectively) to levels very similar to those from the fad7 fad8 double mutant (2%) ( Figure 3B ).
Effect of temperature on the expression of the ω-3 fatty acid desaturase genes in the Arabidopsis mutants
We decided to correlate the differences found in the fatty acid composition of the different mutant lines with the expression of the AtFAD3, AtFAD7 and AtFAD8 genes. Similarly, the disruption of one or both AtFAD7 and AtFAD8 genes did not modify the transcript levels of the ER ω-3 desaturase FAD3 ( Figure 4A ). Interestingly, this absence of compensatory responses at the transcriptional level was also observed when the expression of the genes encoding ω-3 fatty acid desaturases was analyzed at either low (8 ºC) or high (30 ºC) temperatures.
Then, we focused our analysis on the Col-0 line where the three AtFAD3, AtFAD7
and AtFAD8 genes were normally expressed. Col-0 plants exposed to 8 ºC for a week showed a 2-fold increase of AtFAD8 mRNA when compared to control (22 ºC) plants ( Figure 4B ). This increase was accompanied by a reduction of the AtFAD7 transcript levels at low temperatures. These changes in AtFAD7 and AtFAD8 transcripts detected at 8 ºC were not accompanied by changes in AtFAD3 mRNA ( Figure 4B ). On the other hand, Col-0 plants exposed to 30 ºC showed a significant (p < 0.05) decrease of the AtFAD8 transcript with respect to control (22 ºC) plants ( Figure 4B ). This could be consistent with the higher sensitivity of FAD8 activity at 30 ºC, (Figures 2 and 3 ).
Sub-cellular localization of the FAD8 protein
The presence of a chloroplast transit peptide in the AtFAD8 gene sequence suggested that the FAD8 protein might be located in the plastid (Gibson et al., 1994) . To investigate FAD8 function at the protein level, we first analyzed its sub-cellular localization generating stable transgenic Arabidopsis lines expressing the AtFAD8 gene fused to YFP at its C-terminus, under the control of a constitutive 35S promoter. small dots on the surface of the chloroplast was also obtained when GFP or CFP were used instead of YFP, suggesting that the pattern observed for FAD8-YFP was not due to the nature of the fluorescent tag ( Figure S1 ). This pattern of localization in discrete foci is shared with many other proteins localized in the plastid, and more concretely in the plastid envelope, expressed under the control of either constitutive or endogenous promoters (Haswell and Meyerowitz, 2006; Maple et al., 2007; Burch-Smith et al., 2011; Ruppel et al., 2011; Yang et al., 2011) . To analyze this into detail, Tic40 was used as a control of envelope localization. Tic40 is a component of the TIC translocon and is localized in the inner envelope membrane of the chloroplast (Singh et al., 2008) .
It has been previously used as a tool for in vivo chloroplast envelope localizations (Breuers et al., 2012) . Tic40-GFP was transiently expressed in N. benthamiana leaves.
As shown in Figures 5 J and K, we obtained green small dots structures associated with the chloroplast autofluorescence. This pattern was similar to that reported by Breuers et al., (2012) for the same protein and to that obtained for our 35S:FAD8-YFP construct, supporting the envelope localization of FAD8.
To further confirm the plastidial localization of the FAD8 protein, biochemical fractionation of chloroplasts was carried out, followed by immunoblotting with an anti-GFP antibody that also recognizes the YFP protein. Chloroplasts from leaves of three week-old Arabidopsis plants grown at 22 ºC, carrying both the empty vector and the FAD8-YFP construct, were analyzed. A strong band at the appropriate molecular weight for the FAD8-YFP fusion protein (79-72 kDa) was detected in the transgenic extracts while no signal was observed in plants carrying the empty vector ( Figure 6A ).
Minor bands around 27-30 kDa could also be detected, probably corresponding to processed YFP protein.
The resolution of the confocal microscope cannot inform us about the precise localization of the FAD8 protein within the different chloroplast sub-compartments.
Then, the sub-chloroplast membrane distribution of the FAD8-YFP protein was sought.
To that end, plants were grown for three weeks under short light period conditions, to favor rosette leaf formation, and intact chloroplasts were isolated through percollgradient centrifugation (Bals and Schuneman, 2011) . Intact chloroplasts were lysed and envelope, stroma and thylakoid fractions were separated through sucrose gradient centrifugation (Bals and Schuneman, 2011) . Fractions were blotted using an anti-GFP antibody to detect the FAD8-YFP protein. Several antibodies were used as specific markers of the different chloroplast sub-fractions. Tic 40, RubisCo and Photosystem II D1 subunit were used as markers of the envelope, stroma and thylakoid, respectively.
The results are shown in Figure 6B . The FAD8-YFP protein was detected in the envelope fraction with no detection in the soluble stroma fraction or in the thylakoid membrane. The FAD8-YFP protein distribution was similar to that of Tic 40, the envelope marker, indicating that FAD8-YFP was located in the plastid envelope.
At this point we analyzed whether both plastidial ω-3 desaturases, FAD8 and FAD7, showed similar or different localization patterns in the plastid. To that end, we performed transient expression experiments in N. benthamiana leaves in which a 35S:FAD8-CFP construct was co-transformed with a 35S:FAD7-YFP construct. As shown in Figure 7 , the FAD7-YFP signal was also detected in small dots or foci in the surface of the chloroplasts from N. benthamiana ( Figure 7A and F) , showing a similar accumulation pattern to that observed for FAD8-CFP ( Figure 7B and G) or FAD8-YFP ( Figure 5 ). These results suggested that both FAD7 and FAD8 ω-3 desaturases showed a similar pattern of localization in the plastid envelope. Special care was taken to confirm that no YFP signal was detected through the CFP channel or vice versa under our experimental conditions. Interestingly, when both FAD7-YFP and FAD8-CFP signals were merged, many of the spots seemed to overlap ( Fig. 7D and H), suggesting that both FAD7 and FAD8 desaturases could be located in close vicinity within the membrane.
Over-expression of FAD8 increased 18:3 levels in phospholipids but not in galactolipids.
To gain further insight into the function of the FAD8 protein, the fatty acid composition from total lipids was analyzed in the previously characterized FAD8-YFP overexpressing Arabidopsis lines in which the FAD8 protein was located in the plastid envelope. As shown in Figure 8A , total lipids from different FAD8 over-expressing lines showed an 8-10% increase in 18:3 levels when compared to the plants expressing the empty vector. Interestingly, no modification in 16:3 fatty acids was observed ( Figure 8A ). This result might be consistent with the data obtained from the analysis of the insertion lines that suggested that FAD8 might be more specific on 18:2 rather than on 16:2 substrates (Figure 2 ).
The effect on lipid classes of the over-expression of the AtFAD8 gene was also studied. The transgenic event with the highest increase in 18:3 was further analyzed. No changes in the 18:3 or 16:3 content from the galactolipids MGDG or DGDG was observed in the FAD8 over-expressing lines, further confirming the results obtained in the insertion mutants ( Figure 8B ). Different results were obtained when the phospholipids were analyzed. As shown in Figure 8B , PG showed a 4-5% increase in 18:3 levels in the FAD8 over-expressing plants. This increase was concomitant with the PC, mainly present in the ER, also showed an increase in 18:3 levels in the FAD8 overexpressing lines when compared with the plants carrying the empty vector ( Figure 8B ).
This increase (8-10%) was again accompanied by a decrease in 18:2 levels. This increase in 18:3 in extraplastidic lipids was also observed in other lipids like PE or PI (data not shown). Finally, sulpholipids (SQ) also showed a small (5%) but significant (p<0.1) increase in 18:3 in the FAD8 over-expressing lines.
DISCUSSION
FAD8 was originally identified as a cold-specific desaturase by the phenotypic analysis of a fad7 mutation in which the reduction of TA levels observed at control growth temperatures (22 ºC) was less pronounced at low (15 ºC) temperatures (McConn et al., 1994) . It was assumed that the role of FAD8 at control temperatures was largely irrelevant. Since then, the study of FAD8 function in plants has been mostly limited to the analysis of the expression profiles of the FAD8 gene in response to temperature (Berberich et al., 1998; Wang et al., 2006; Martz et al., 2006; Tang et al., 2007; TorresFranklin et al., 2009; Román et al., 2012) . However, some of the functional characteristics of the FAD8 enzyme like its acyl-group chain length and lipid head group specificities or its actual contribution to lipid unsaturation at different temperatures are still poorly understood. Our results support the conclusion that the role of the ω-3 desaturase FAD8 is not only restricted to low temperatures but it is also active at control ones. On one hand, the fatty acid composition analysis from total lipids and lipid classes in two fad7i and fad8i insertion lines and its comparison with those from the Col-0 line and the fad7 fad8 double and fad3 fad7 fad8 triple mutant plants grown at 22 ºC showed that FAD8 partially compensated the absence of a functional AtFAD7 gene at control growth temperatures (Figure 2 ). On the other hand, the fatty acid composition analysis of our FAD8 over-expressing lines also showed a specific increase of 18:3 levels at 22 ºC (Figure 8 ). It is worth mentioning that this increase was detected in the presence of a functional FAD7 enzyme, indicating that the loss of FAD7 desaturase activity is not a prerequisite for the detection of FAD8 activity and that both plastidial ω-3 desaturase activities can occur simultaneously, even at control temperatures.
In addition to this, the fatty acid composition analysis on both total lipids and lipid classes in our mutants revealed two interesting features of FAD8 that suggest that its role might not be redundant with respect to FAD7. First, FAD8 activity always increased 18:3 levels without changes in 16:3 ones. These results were obtained either in the compared analysis of the fad7i, fad8i, double fad7 fad8 and triple fad3 fad7 fad8 mutants (Figure 2) or the FAD8 over-expressing lines (Figure 7) , suggesting that FAD8 might have a higher selectivity for 18:2 acyl-lipid substrates rather than for 16:2 ones.
Moreover, our lipid class analysis suggested that FAD8 exhibited a higher preference for lipids other than galactolipids, especially PG, in contrast to what happened with FAD7 that showed a higher preference for MGDG and DGDG, (Horiguchi et al., 1996; Kodama et al., 1995) . PG is the only phospholipid detected in thylakoids (Joyard et al., 1998 ) and lacks 16:3, 18:3 being the only TA species esterified to PG at the sn-1 position. Although it only represents an 8-10% from total lipids, its role on the arrangement of photosynthetic complexes, thylakoid membrane formation, chilling sensitivity and low-temperature adaptation has been well established (Hagio et al., 2002; Sakamoto et al., 2004; Wada and Murata, 2007) . These results altogether suggest that although similar in sub-cellular localization, the function and roles of FAD7 and FAD8 may not be redundant. While FAD7 would be responsible for the unsaturation of 16:2 and 18:2 with higher preference for the major leaf lipids MGDG and DGDG, constituting the bulk lipid fraction of chloroplast membrane, FAD8 would be highly specific for 18:2 substrates with preference for other minor lipid classes like PG, with relevant roles in chloroplast dynamics. The differences in the amount of these lipids in the leaf cell (MGDG and DGDG can represent an almost 80% of total leaf lipids while PG can reach an 8%) may also explain why the compensatory effect of the FAD7 ω-3 desaturase activity in the fad8 mutant was almost complete while the compensatory effect of the FAD8 ω-3 desaturase activity in the fad7 mutant was only partial. The differences found between FAD8 and FAD7 ω-3 desaturase activity in the use of acyllipid substrates are particularly relevant if we have in mind that fatty acid desaturases catalyze highly selective reactions (Behrouzian and Buist, 2002 ). An attractive hypothesis explaining this higher selectivity of FAD8 for 18:2 substrates could be that FAD8 acts preferentially on fatty acids esterified to sn-1 position of glycerolipids. This might explain why FAD8 acts poorly on 16:2 substrates (always in sn-2 position) or the higher selectivity for PG (that contains 18:2 only in sn-1).
The fatty acid composition analysis of the fad7i and fad8i mutants showed compensatory responses at the TA level as a result of the inactivation of the FAD7 and FAD8 genes, respectively. However, our q-PCR analysis indicated that these compensatory responses of the ω-3 desaturase activity did not result from compensatory transcriptional responses acting on the desaturase genes. Similarly, the disruption of one or both AtFAD7 and AtFAD8 genes did not modify the transcript levels of the endoplasmic reticulum ω-3 desaturase FAD3 ( Figure 4A) , suggesting that the compensatory responses were controlled at the post-transcriptional level. However, our q-PCR data showed an increase in AtFAD8 transcript levels upon exposure to 8 ºC that was concomitant to a decrease of AtFAD7 mRNA (Figure 4) . These results are consistent with those previously reported in maize (Berberich et al., 1998) , birch (Martz et al., 2006) , rice (Wang et al., 2006) , or Descurainia sophia (Tang et al., 2007) , suggesting that transcriptional control participates in the regulation of FAD8 activity and the coordination among plastidial desaturases, at least in response to low temperatures. Unfortunately, there are no specific antibodies against the AtFAD8 or AtFAD7 proteins that might provide information about the relative abundance of these enzymes and how these transcriptional and post-transcriptional control mechanisms work to maintain an appropriate unsaturation level of membrane glycerolipids.
Differently to what happens with the endoplasmic reticulum ω-3 desaturase FAD3, plastid fatty acid desaturases are almost impossible to assay either in vivo or in vitro.
They have specific requirements for their activity such as reduced ferredoxin and NADPH 2 generated in the plastid. Accordingly, only if located in the correct plastid membrane environment, in the presence of its natural cofactors, would FAD8 show ω-3 desaturase activity. Data from our stable transgenic lines over-expressing a FAD8-YFP protein as well as our transient expression experiments in N. benthamiana confirmed the plastidial localization of FAD8 desaturase. The biochemical fractionation of chloroplasts from our FAD8 over-expressing lines showed that the FAD8 protein was present in the envelope membrane of chloroplasts. This localization confirmed previous proteomic data (Froehlich et al., 2003) , indicating that the pattern of localization of the FAD8 protein was genuine and not due to the ectopic expression of the protein. In addition to this, our data from FAD8 over-expressing lines showed an increase of ω-3 desaturase activity acting specifically on 18:2 fatty acids from lipids other than galactolipids, confirming the results obtained with the mutants. Over-expression of the AtFAD7 gene in tobacco plants resulted in an increase of both 18:3 and 16:3 levels (Kodama et al., 1995) , further supporting our conclusion of the higher specificity of FAD8 for 18:2 acyl-lipid substrates. It is worth mentioning the effect of the overexpression of plastidial FAD8 on extraplastidial lipids like PC. Similar effects on extraplastidial lipids due to the over-expression of plastidial desaturases have been reported in the case of AtFAD7 in Nicotiana (Kodama et al., 1995) and more recently in Chlamydomonas (Nguyen et al., 2013) . They could be probably due to the transfer of ω-3 acyl-chains from plastidial to extraplastidial membranes. Such an export of 18:3 into extraplastidial membranes was first discovered in Arabidopsis mutants deficient in fatty acid unsaturation (Miquel and Browse, 1992; Browse et al., 1993) 
METHODS
Plant materials and experimental treatments
The lines of Arabidopsis thaliana used were descended from the Columbia 0 ecotype (Col-0). Two insertional mutants from SALK were used: fad7i (SALK_147096C) and fad8i (SALK_093590). These insertion lines were selected after discarding other plant lines carrying insertions in loci other than AtFAD8 (At5g05570). We also used a double 
Lipid analysis
Total lipids were extracted from 0.5 g rosette leaves as described (Bligh and Dyer, 1959) . Individual lipids were purified by two-dimensional thin-layer chromatography (TLC), according to Hernández et al., (2008) . Fatty acid methyl esters of total lipids or individual lipid classes were produced by acid-catalyzed transmethylation (Garcés and Mancha, 1993) and analyzed by gas chromatography (GC), using a 7890A (Agilent, 
Generation of transgenic Arabidopsis lines
The AtFAD8 (At5g05580) coding sequence was PCR-amplified using the specific For co-localization experiments, a combination of A. tumefaciens cultures (OD 600nm 0.5), carrying either the FAD7-YFP or the FAD8-CFP contructs were used. Plants were kept in the growth chamber for another 3-5 days before analysis.
Confocal microscopy analysis
Fresh leaf imaging was carried out on a Leica TCS SP II confocal microscope. Images were acquired using a 40x, 63x or 100x oil immersion objectives. Imaging of GFP, YFP and CFP emissions were performed by sequential scanning. GFP, YFP and CFP were excited with the 488, 514 and 458 nm lines, respectively, of an argon laser and the emission collected through a 505-560 nm emission filter for GFP, 518-580 nm emission filter for YFP and 465-571 nm for CFP. Autofluorescence of chlorophyll was excited with the 633 nm line of an argon laser, and the emission was collected through a 651-717 nm emission filter. Images were taken with 6-8 line averaging. Images were analyzed and merged using Leica AF and Image J software.
Sub-cellular fractionation and immunoblot analysis
Protein extracts were obtained from 0.5 g of Arabidopsis rosette leaves crushed in a mortar with liquid nitrogen. The powder was then dispersed in buffer A (0.1 M TRISHCl, pH: 7.5, 20% (w/v) glycerol, 1 mM EDTA, 10 mM MgCl 2 , 14 mM β-mercaptoethanol, 100 µg/ml Pefabloc (Fluka), 1 µg/ml antipain (Sigma-Aldrich) and 1 µg/ml leupeptin, (Sigma-Aldrich) and filtered through a layer of Miracloth paper (Calbiochem). Chloroplasts and further sub-chloroplast fractionation into thylakoid, stroma and envelope fractions was performed as described in Bals and Schünemann (2011) . Protein content of the different fractions was estimated using the BioRad protein assay reagent. Total protein of 10 µg was loaded per lane. Western blot procedures were performed as described in Andreu et al. (2010) using the commercial antibodies against GFP (ab290, Abcam) or Tic40, RuBisCO and D1 (Agrisera) as protein markers of the envelope, stroma and thylakoid fractions, respectively. Antibody dilutions were 1:2000 for Tic40 and D1 and 1:10.000 for RuBisCo. Detection was carried out using a highly sensitive chamiluminiscent reagent for peroxidase detection (SuperSignal West Pico, Pierce). Table S1 . Effect of temperature on the fatty acid composition from lipid classes isolated from the different plant lines used in this study. 
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